Locally-sourced armourstone is used extensively in the construction of new sea defence structures throughout Bahrain, with hundreds of thousands of tonnes being placed on single reclamation projects. This armourstone is won almost exclusively from the local quarry, which outputs limestone of variable quality. An evaluation has been made into the quality of local rock for usage as armourstone, using observations on sites and at the quarry, as well as compliance test results from various projects undertaken in recent years. Attempts are made to quantify potential losses in-service, by using the two degradation models described in the CIRIA Rock Manual, which give markedly different estimates. The envisaged loss of mass is difficult to predict with great accuracy due to the high sensitivity of the models to material and site parameters. Plots of estimated mass loss over time are presented for different rock sizes and different levels of rock armour mobility.
INTRODUCTION
The Kingdom of Bahrain is an island state located within the Gulf of Salwa, a part of the Persian Gulf. Like many Gulf States, Bahrain is currently undertaking extensive shoreline developments, including several large reclamation projects, which involve the construction of tens of kilometres of new coastal defences.
Coastal defences in Bahrain are primarily rock armoured structures utilising locally-sourced rock won from the quarry (the only one in Bahrain) at Askar, which outputs limestone of variable quality. This paper describes a study conducted into the quality of this rock as a source of armourstone. The ultimate aim of this study is to quantify the reduction in armourstone mass which could be anticipated over the design life of a coastal structure, so that allowances could be made for this mass loss during the design stage.
Mathematical models to estimate weathering losses in-service have been developed in the past. The first work was proposed by Latham (1991) , who presented a method for predicting armourstone mass loss in-service. Lienhart (1998) presented a method of evaluating the quality of armourstone sources. These researches were combined into two separate degradation models by Latham, Lienhart and Dupray in 2006 and these models were presented in the second edition of the CIRIA Rock Manual in 2007. Although using these methods is 'by its nature inexact and burdened with difficult judgments' (CIRIA 2007) they are considered to provide some benefit over human judgment alone, and both of these methods have been applied to Bahraini armourstone in this paper.
GENERAL DESCRIPTION OF BAHRAINI ROCK
It is noticeable that Bahraini rock is of variable quality, with differences being visually evident in terms of the colour of the rock, and the presence of vugs and other flaws in the rock fabric. Sometimes voids are evident in the rocks at the quarry and sometimes these pockets are filled with clay. Such examples are shown in Figure 1 .
It has been suggested that vugs are not necessarily detrimental, and may even be beneficial to the durability of armour stone, provided that they are small and evenly distributed (Erickson, 1993) . However, where these voids may form a failure plane or occupy a substantial part of the rock's volume they have an obvious ability to reduce the integrity of the block. Inspection of revetments which have been in-service for a short period of time shows signs of surface crumbling in the supra-tidal zone, as shown in Figure 2 .
The surface crumbling may be attributed to the quality of the rock and the extremely high temperatures and salinities in the region.
In the intertidal zone the more evident form of early weathering is pocketing, which is also apparent after a short period of time in-service. However, this is believed to be due to the washing out of clay pockets already present when the rock was placed and is probably not a concern in the long term. It is evident that a significant amount of rock placed on revetments in Bahrain is broken during placement. This is thought to be due to the rather weak and fissured nature of the rock, in combination with the fact that it is common in Bahrain to flatten the revetment surface with the back of an excavator to form a smooth and attractive surface.
Typical examples of rocks broken during placement are shown in Figure 3 . Although the drop test should provide an indication of the ability of the rock to resist major breakage, the test is intended to simulate rocks being dropped onto other rocks during construction, and is unlikely to be an accurate test of a rocks ability to withstand being beaten into place with an excavator shovel. 
AVAILABLE INFORMATION
Since a number of large shore protection works have been undertaken in recent years, there is a reasonable amount of information available on rock quality based on tests undertaken to prove compliance with specifications. A summary of available results is given in Table 1 . Field based indicators of rock quality were assessed at the Askar Quarry and are summarised in Table  2 . The Rock Manual indicates that density variation is a good indication of overall quality variation, and that the difference between the average and the 90% exceedance density should generally be not more than 100kg/m 3 . Assessment of the 970 density tests which are available yields a 90% exceedance density of 2.48t/m 3 , which is exactly 100kg/m 3 below the mean density, and so at the limit of the normal range suggested by CIRIA. This suggests that the variability of rock produced at Askar is high, which concurs with observations at the quarry and on site.
OVERVIEW OF DEGREDATION MODELS
The Rock Manual describes two methods, the Micro-Deval (MDE) Method, and the Armourstone Quality Designation (AQD) Method. These two degradation models are greatly based on works carried out by Latham (1991) and Leinhart (1998 and 2003) , which were later redeveloped (Latham, Lienhart, Dupray, 2006) .
Both of these models calculate a parameter which represents the site aggressiveness (the Equivalent Wear Time Factor, X) and a parameter which represents the intrinsic durability of the rock (the Intrinsic Resistance to Mass Loss, k s ) and use them to estimate mass loss over time with Equation 1. The intrinsic resistance to mass loss k s is a property intrinsic to the rock material describing the resistance to weathering and the method of calculation is different for the two models.
For the Micro-Deval method it is solely related to the Micro-Deval Coefficient, whereas for the AQD method a number of indicators of rock quality are combined with a weighted average system. The AQD method therefore takes account of a much greater number of relevant factors when assessing k s and for this reason it may be preferred. However, the MDE method is probably better calibrated and the Rock Manual recommends that the results of both methods should be considered together.
The Equivalent Wear Time Factor, X, reflects the rock size, grading, shape and the conditions that the rock is subject to (wave conditions, climate, waterborne attrition, etc) and it is obtained by a similar method for both the MDE and the AQD method. Nine parameters, designated X 1 to X 9 , represent the various factors affecting weathering rates on site, e.g. wave impact (X 4 ), climatic weathering (X 6 ), waterborne attrition agents (X 7 ), etc. The values for these parameters are obtained from look-up tables based on properties such as significant wave height, climate statistics, type of waterborne attrition agent, etc, and in the case of the MDE method, also properties of the rock, such as the block integrity and water absorption. Finally, the overall Equivalent Wear Time Factor is calculated as the product of each of these parameters as per Equation 2.
MICRO-DEVAL COEFFICIENT
The Micro-Deval test is a test of a rock's resistance to abrasion. The test procedure involves tumbling a sample of 10-14mm aggregate (obtained by crushing representative armourstone) in a standard drum with a controlled quantity of water and steel balls for a standard period of time. The result of the test, the Micro-Deval Coefficient (M DE ), is the percentage by mass of material which passes a 1.6mm sieve on completion of the tumbling process. The test is outlined definitively in BS EN1097-1.
Since the Micro-Deval test result is essential to the application of the MDE method, and also has some (much more limited) influence on the AQD method, it was necessary to obtain an indicative Micro-Deval coefficient for Bahraini rock.
The Micro-Deval test is unfortunately not commonly undertaken on Bahraini rock and it is thought that there are no testing laboratories capable of undertaking the test in the region. Another mill abrasion test -the Los Angeles test -is commonly undertaken in the Kingdom, but studies in the past have found no significant correlation between the Los Angeles and the Micro-Deval test result (Rangaraju and Edlinski, 2008) .
A number of samples were taken from the Askar quarry and sent to a laboratory in the UK for testing. The samples were taken from various parts of the quarry and of varying quality (as assessed visually), but unfortunately some sample bags were broken in transit, resulting in mixing of the aggregates. As a result just four Micro-Deval tests were undertaken -two on unbroken sample bags and two on the mixed sample material. These values were tentatively applied to degradation modelling, but treated with considerable caution there were so few tests and because of the mixing of the samples.
METEOROLOGICAL CLIMATE WEATHERING INTENSITY
One area in which the CIRIA guidance appears to be not entirely suitable for estimating rock weathering rates in the Middle East is in its recommendations to determine the parameter X 6 , which is representative of the aggressiveness of the meteorological climate.
The recommendation is to use the Meteorological Climate Weathering Intensity (MCWI) index presented by Lienhart (2003) , and reproduced in Equation 3. This value is used (along with the water absorption, in the case of the MDE method) to look up values for X 6 . However, this parameter is based on NOAA data from the United States only, and is not considered to be suitable for the Persian Gulf. In fact, since the MCWI index is calculated based on the mathematical product of a number of parameters, and one of these is the number of days when the temperature falls below freezing (which does not occur in Bahrain) the MCWI calculated in this way must be zero and the climate is treated as benign. It was noted in Latham's paper (Latham 1991 ) that salt crystallization in porous sedimentary rocks can be accelerated by the climate in the Middle East, and this concurs with observations of armourstone inservice in Bahrain. Therefore, the original recommendations from Latham were used to determine X 6 instead of the MCWI index of Lienhart.
This decision has a considerable impact on the final estimates; X 6 , which would have been 0.8 (MDE) or 1.0 (AQD) if the MCWI method was used, is instead 0.2, and therefore the Equivalent Wear Time Factor would have been 4 or 5 times higher if the MCWI method proposed by CIRIA had been adopted. For a typical Bahraini rock, this could result in the final degradation estimate can double if the MCWI method were used instead of Latham's method.
Indeed, even if Latham's method is applied the X 6 parameter is somewhat sensitive, as it is 0.2 where the water absorption is above 2% and 0.5 when the water absorption is below 2%. Since the water absorption is estimated to be 2.09%, Bahraini rock is on the borderline, but nevertheless a value of 0.2 has been adopted.
DETERMINATION OF THE INTRINSIC RESISTANCE TO MASS LOSS
As described above, k s is obtained by a different method depending on whether the MDE or the AQD method is being used. For the MDE method, it is simply obtained from the Micro-Deval coefficient M DE using equation 4. In light of the uncertainty in the Micro-Deval results which have been obtained consideration needs to be given to the M DE value which is to be applied to obtain k s . The M DE values obtained were both 16% for the two mixed samples, 19% for the sample representative of rock appearing to be good quality and 32% for the sample of apparently poor quality rock. If the range 16% to 32% is assumed to be representative of Bahraini armourstone then this gives k s of 2.52 x 10 -3 to 7.08 x 10 -3 . The method for determining the k s value when using the AQD Method is somewhat more complicated, involving a weighted average of a number of factors.
The same weights have been applied as recommended by the Rock Manual to obtain the AQD value, and this calculation is shown in Table 3 . The AQD values so obtained are then converted into k s with Equation 5 to obtain k s = 5.46 x 10 -3 to 6.32 x 10 -3 . One of the great advantages of the AQD method is that properties which are not available from field evaluations and laboratory tests do not need to be included in the determination of the AQD value, and the weighted average AQD value can be based on whichever parameters are available.
Of course, the more parameters that are available the more accurate will be the estimate of the AQD value, and therefore the subsequent estimation of rock mass loss over time.
DETERMINATION OF EQUIVILENT WEAR TIME FACTOR
The assumptions made to estimate the Equivalent Wear Time Factor are summarised in Table 4 . 
COMPARISON BETWEEN DEGREDATION MODELS
The value ranges obtained above for the Intrinsic Resistance to Mass Loss and the Equivalent Wear Time Factor were input to Equation 1 to obtain likely degradation envelopes shown in Figure 4 , for 1.5 tonne armour.
The two methods show plausible estimates of degradation over time, although the MDE Methods lowend estimates of mass loss do not seem likely. This is due the lower values of the Micro-Deval coefficient indicating a rock of 'GOOD' quality. The AQD Method suggests the rock is of 'MARGINAL' quality.
In light of limited confidence in the Micro-Deval coefficient values which were obtained and the high sensitivity of the MDE Method to this test value, it is considered that the AQD model provides the more reliable estimates in this case.
This viewpoint is re-enforced by engineering judgement, which would suggest that a 'MARGINAL' quality rating as suggested by the AQD Method is a reasonable assessment of Bahraini rock.
The following analyses therefore consider the AQD Method in isolation. 
EFFECT OF ROCK SIZE
The rock size affects weathering rates, as the removal of a 'shell' of given thickness has a proportionately greater effect on a smaller rock than a larger one. Weathering rates are therefore greater in smaller rocks than in larger ones and this factor must be considered when making allowance for degradation in design.
Estimated degradation envelopes are shown in Figure 5 for three rock sizes which are typically used for primary armour in Bahrain; 0.5 tonnes (X = 0.86 to 1.30), 1.5 tonnes (X = 1.24 to 1.85) and 3.0 tonnes (X = 1.55 to 2.33), using the AQD Method. These degradation curves could provide indicative weathering allowances for the purposes of concept designs.
The final estimates of mass loss after a 50 year design life are summarised in Table 5 . 
EFFECT OF USING DYNAMIC DESIGN CONCEPT
As mentioned in Table 4 , a dynamic design concept is rarely used for permanent structures in Bahrain, but it is sometimes used for temporary designs. It is to be expected that dynamic structures will suffer more weathering as the movement of the reshaping of the structure requires individual rocks to move, resulting in increased rocking and block-to-block impacts and therefore increasing mass loss due to abrasion and breakage. A variety of degrees of mobility, expressed in terms of stability number N s =H s /ΔD n50 , are shown here for a 1.5 tonne rock. Where the rock is of known marginal quality (as is limestone produced by the quarry in Bahrain), the designers should therefore take into account the detrimental effect of selecting a high degree of mobility (or a high "damage factor" S d ), as this will accelerate the rock degradation.
Except for special applications or under particular circumstances (e.g. temporary structures, high maintenance regime accepted etc), it is recommended that marine structures utilising Bahraini rock should be designed as "statically stable" with a low damage factor S d .
CONCLUSIONS
The rock produced at the local quarry is highly variable but could generally be described as marginal quality armourstone. The conditions that the rock is subject to are mild in terms of wave attack but the high salinities and temperatures in the region are likely to accelerate surface spalling and crumbling.
When the AQD and MDE models were applied to the known parameters for Bahraini rock, the MDE Method suggests lower degradation rates than the AQD Method. The results obtained on samples show significant variation in the resistance to wear. This is mainly due to the fact that the quality of the local rock varies within the same quarry.
This was confirmed by the density variation, described by CIRIA as a good indication of the overall quality variation.
Because the MDE method relies uniquely on the M DE coefficient for determining the intrinsic resistance to mass loss k s , the results obtained adopting this method are to be treated with caution, as it relies entirely on the samples taken being truly representative of the output of the quarry.
On the other hand, the AQD method takes into account a number of different parameters, which are weighted and averaged to give the ADQ value used for the determination of k s . Given the limited confidence in the Micro-Deval values obtained, it is considered that with the available data the AQD method provides a better general description of the rock resistance weathering in this case.
Based on the results of this model, it is suggested that concept designers should allow for M/M 0 of 0.69 for 0.5 tonne armour, 0.76 for 1.5 tonne armour and 0.80 for 3 tonne armour, for a 50 year design life (Table 6 ): The above figures have been determined adopting rock proprieties and site conditions which are deemed generally representative of the local rock and for the Bahrain coast. Designers should therefore carefully verify the applicability of these proposed degradation rates and refer to site-specific information in order to correctly apply the degradation models on a case-to-case basis.
For example design criteria (e.g. slope, grading envelope curves, stability number etc) could alter significantly the proposed degradation predictions. Likewise site conditions (e.g. tidal range, wave height etc) could differ throughout Bahrain; this could also lead to different predicted degradation rates.
There are a number of factors relating to the macro structure of the rock may not be realistically represented in the degradation models. Both models are primarily based on aggregate tests (i.e. the samples are produced by mean of crushing the rock down to the required size) and aggregates might not have the same resistance proprieties of bigger rock used as armourstone. In particular, the presence of voids and clay intrusions is noticeable in a number of rocks in-service, whereas samples are generally clean from silt.
It is also notable that many rocks are broken during placement, which may be due in part to the method of placement and handling typically used in Bahrain, combined with weaknesses in the macro structure. It is recommended that handling and placement operations are carefully monitored and controlled, as rock breakage witnessed on sites throughout Bahrain appears to be more significant than the results of the drop test would suggest.
The reduction in the mass of individual armourstones due to weathering poses questions about the implications on the interlocking of the stones. It is expected that the reduced mass and changed shape of single rocks has a detrimental effect on the stability of the rocks and leads to an increased degree of mobility. The more the single rock elements become degraded, the more movement is allowed and the more the rock is prone to rock-to-rock abrasion and hence degradation. Thus it may be expected that weathering rates will increase over time, and the predictions (which rely on the assumption of progressive weathering) may not be accurate. This is particularly a concern when the models predict high levels of weathering.
One area in which there seems to be a lack of guidance is in the determination of the X 6 parameter for extremely hot regions like Bahrain, where freezing temperatures never occur. The Rock Manual makes a general recommendation that the MCWI derived by Lienhart should be used to determine X 6 , but in the absence of freezing days this renders meteorological weathering benign. However, it is thought that the extremely hot climate accelerates spalling and crumbling of armourstone in Bahrain, and site inspections suggest that this may be a significant weathering mechanism.
For the purposes of this study X 6 has been determined by the method described by Latham (1991) . However, there is no local data to support this and the refinement of the X 6 parameter could be the subject of further study.
It would also be beneficial to obtain actual measurements of rock degradation on Bahraini revetments against which the degradation models could be calibrated, by methods like those described in Latham's paper (1991) . Such methods include block shape measurement, block surface profile monitoring and direct weight measurement.
Other ways in which confidence in these models could be greatly improved would be to undertake an expert geological assessment and petrographic analysis of the Askar quarry, and by further Micro-Deval testing.
